A variable number of tandem repeats (short (S) vs long (L)) in the promoter region of the serotonin transporter gene (5-HTTLPR) and a functional variant of a single-nucleotide polymorphism (rs25531) in 5-HTTLPR have been recently associated with increased risk for major depressive disorder (MDD). In particular, relative to L/L or L A homozygotes (hereafter referred to as L 0 participants), S carriers or L g -allele carriers (S 0 participants) have been found to have a higher probability of developing depression after stressful life events, although inconsistencies abound. Previous research indicates that patients with MDD are characterized by executive dysfunction and abnormal activation within the anterior cingulate cortex (ACC), particularly in situations requiring adaptive behavioral adjustments following errors and response conflict (action monitoring). The goal of this study was to test whether psychiatrically healthy S 0 participants would show abnormalities similar to those of MDD subjects. To this end, 19 S 0 and 14 L 0 participants performed a modified Flanker task known to induce errors, response conflict, and activations in various ACC subdivisions during functional magnetic resonance imaging. As hypothesized, relative to L 0 participants, S 0 participants showed (1) impaired post-error and post-conflict behavioral adjustments; (2) larger error-related rostral ACC activation; and (3) lower conflict-related dorsal ACC activation. As similar behavioral and neural dysfunctions have been recently described in MDD patient samples, the current results raise the possibility that impaired action monitoring and associated ACC dysregulation may represent risk factors linked to increased vulnerability to depression.
INTRODUCTION
Both genetic and environmental factors are implicated in the etiology of major depressive disorder (MDD; Wong and Licinio, 2001 ). However, despite evidence indicating that depression is heritable (Sullivan et al, 2000) , few genes have been consistently linked to MDD, and inconsistencies abound. Given the relatively small effects of individual genes and the heterogeneous nature of MDD, it is unlikely that a one-to-one relationship between specific genes and MDD exists (Sanders et al, 2004) . Pinpointing possible neurobiological abnormalities associated with individual symptoms or core disease dysfunctions might provide a useful platform for improving our understanding of the etiology of MDD. Accordingly, reducing heterogeneity through the study of less complex and more clearly delineated aspects of MDD could enhance our ability to isolate 'endophenotypes,' ie, phenotypes lying within the causal chain between gene and disorder (Hasler et al, 2004) .
Impaired executive functioning is a hallmark feature of depression (Austin et al, 2001) . In particular, individuals with MDD are characterized by 'action monitoring' deficits, including reduced accuracy in trials after mistakes (Beats et al, 1996; Elliott et al, 1996; Holmes and Pizzagalli, 2008b) or involving conflict between competing responses (Paradiso et al, 1997; Siegle et al, 2004) . Fitting conceptualizations that impaired action monitoring may reflect an important depressive endophenotype (Olvet and Hajcak, 2008) , such deficits have also been described in individuals at increased genetic risk for MDD (Althaus et al, 2009; Fallgatter et al, 2004) or in those in remission (Vanderhasselt and De Raedt, 2009 ).
Parallel cognitive neuroscience research has greatly advanced our understanding of action monitoring. The anterior cingulate cortex (ACC), in particular, plays a key role in the generation of adaptive behaviors after errors and fluctuating task difficulty (Botvinick et al, 1999) . Highlighting functional specialization, dorsal ACC (dACC) and rostral ACC (rACC) regions are preferentially recruited during conflict monitoring and error processing, respectively (Ridderinkhof et al, 2004) . Recently, data indicating that MDD is characterized by region-specific ACC dysfunctions have emerged. Thus, in response to errors, MDD subjects show potentiated rACC activation (Holmes and Pizzagalli, 2008b) , consistent with ERP studies highlighting increased error sensitivity in depression (Chiu and Deldin, 2007 ; but see Schrijvers et al, 2008 Schrijvers et al, , 2009 . Conversely, during high-response conflict trials, MDD subjects show reduced dACC activation (George et al, 1997; Holmes and Pizzagalli, 2008a) . Whether impaired action monitoring and associated ACC dysregulation represent correlates of, or vulnerability factors for, MDD is largely unknown.
A variable number of tandem repeats (VNTRs; short (S) and long (L)) in the promoter region of the serotonin transporter (5-HTTLPR) gene might confer increased MDD risk, particularly following stress (Brown and Harris, 2008; Caspi et al, 2003; cf. Risch et al, 2009) . Critically, healthy S-allele carriers have heightened ERN amplitude (Althaus et al, 2009; Fallgatter et al, 2004) , suggesting that the action monitoring dysfunction may be a mechanism contributing to the increased vulnerability to depression. Of relevance, a functional variant of a single-nucleotide polymorphism (SNP; rs25531, A/G) in 5-HTTLPR has also been found to impact the function of the serotonin transporter (5-HTT). Specifically, when combined with the L VNTR allele, the G allele results in 5-HTT mRNA levels and clinical outcomes similar to the S allele (Hu et al, 2005; Murphy et al, 2008; Zalsman et al, 2006) . Thus, lack of consideration of this SNP might explain some of the inconsistencies in the literature.
The goal of this study was to test whether the S and/or L G allele might confer an increased risk for depression through action monitoring deficits and dysregulated ACC functioning. To this end, we collected functional magnetic resonance imaging (fMRI) data during performance of a task known to induce errors and response conflict from psychiatrically healthy participants genotyped for both the 5-HTTLPR VNTR and the SNP. Given previous evidence of (1) increased risk for depression in S-allele and L G -allele carriers (Caspi et al, 2003; Zalsman et al, 2006) , (2) increased ERN amplitudes in S-allele carriers (Althaus et al, 2009; Fallgatter et al, 2004) , and (3) heightened rACC response to errors and impaired post-error behavioral adjustments in MDD (Chiu and Deldin, 2007; Holmes and Pizzagalli, 2008b) , we hypothesized that S-and L G -allele carriers (hereafter referred to as S 0 ), relative to L A /L A homozygotes (hereafter referred to as L 0 ), would exhibit increased rACC activation to errors and decreased posterror performance. In addition, given conflict-monitoring deficits and associated decreased dACC activation in MDD (Holmes and Pizzagalli, 2008a) , we expected reduced behavioral performance and decreased dACC activity during high-response conflict trials in the S 0 group, relative to the L 0 group. Beck et al, 1996) , the Mood and Anxiety Symptom Questionnaire (MASQ; Watson et al, 1995) , and the Perceived Stress Scale (PSS; Cohen et al, 1983) to assess anxiety, depression symptoms, general distress, and perception of ongoing stressors. Genotyping was accomplished using a saliva sample (Oragene, DNA Genotek, Ottawa, ON, Canada). Data pertaining to fMRI were collected within 1 week of the SCID. Participants were debriefed after study completion and compensated with $10 per hour and $60 for the interview and fMRI session, respectively. Data obtained from five participants were lost because of chance performance (n ¼ 1), technical issues (n ¼ 3), or excessive head movement (n ¼ 1). The final sample consisted of 33 participants (L 0 : n ¼ 14, S 0 : n ¼ 19). Genotype groups did not differ in any demographic or self-reported variable (Table 1) .
MATERIALS AND METHODS

Participants
Flanker Task
Trials began with a probe consisting of five arrows presented in the center of the screen. Participants were instructed to respond as quickly and accurately as possible with the index finger of their hand corresponding to the direction the center arrow was pointing. Trials were either congruent ('ooooo,' '44444') or incongruent ('oo4oo,' '44o44') . To familiarize participants with the task, and to generate reaction-time (RT) data required to compute individually titrated response windows (Beck et al, 1996) ; GDA, general distress-anxiety; GDD, general distress-depression; MASQ, Mood and Anxiety Symptom Questionnaire (Watson et al, 1995) .
(see below), a practice block was presented before data collection (46 congruent, 24 incongruent trials). After the presentation of the practice block, participants completed 5 blocks during fMRI data collection, each with 46 congruent and 24 incongruent trials. Trials consisted of a probe presented for 200 ms, followed by a variable intertrial interval (ITI; 2250-7250 ms). During experimental blocks, feedback was presented for 300 ms, followed by a variable ITI (2250-7250 ms). Positive feedback (a schematic smiling face) followed correct responses made within the individually titrated response window (85th percentile of each participant's practice RT). Negative feedback (a schematic frowning face) followed incorrect responses, or responses exceeding the response window. To accommodate performance shifts, the response window was updated at the midpoint and endpoint of each block.
The number of congruent trials preceding each incongruent trial was fully randomized using optseq2 (http:// surfer.nmr.mgh.harvard.edu/optseq/). To maximize statistical orthogonality among conditions, ISIs and ITIs were determined using a genetic algorithm (Wager and Nichols, 2003) .
Genetic Analyses
DNA was purified, extracted, hydrated, and stored at À801C. 5-HTTLPR VNTR and SNP (rs25531) genotyping was performed following established procedures (Wendland et al, 2006) . Briefly, in a 20 ml solution, genomic DNA (25 ng) was amplified through a PCR in the presence of 1 Â multiplex master mix (Qiagen, Valencia, CA) and primers (forward: 5 0 -TCCTCCGCTTTGGCGCCTCTTCC-3 0 ; reverse: 5 0 -TGGGGGTTGCAGGGGAGATCCTG-3 0 ; Integrated DNA Technologies, Coralville, IA). Next, 7 ml of PCR product was digested by HpaII (13 ml; New England BioLabs, Ipswich, MA) in a reaction assay with 1 Â NEBuffer1 and 1 Â BSA (Ambion, Foster City, CA). Finally, 4 ml of the remaining PCR product and 18 ml of the restriction enzyme assay solution were loaded onto a 2.0% agarose gel (E-Gel, Invitrogen, Carlsbad, CA) and visualized after 15, 25, and 45 min. Participants were grouped as L A homozygotes (L A / L A , n ¼ 14) and S or L G carriers (S/S homozygotes, n ¼ 4; S/L or S/L A , n ¼ 15). This choice was motivated by previous research highlighting the functional dominance of the S allele (Hariri et al, 2005; Brown and Hariri, 2006) , and by the observation that pairing of the G allele and L VNTR allele results in functional (Hu et al, 2005) and clinical (Zalsman et al, 2006) outcomes similar to those of the S allele. Neither the VNTR nor SNP deviated significantly from the Hardy-Weinberg equilibrium, both p's40.81. ; 35 slices). Tilted slice acquisition (301 to AC-PC line) and z-shimming were used to minimize susceptibility artifacts (Deichmann et al, 2003) .
Data Reduction and Statistical Analyses
Behavioral data. Only trials with a response were examined, and RT analyses were restricted to correct responses. To minimize the influence of outliers, RTs exceeding mean±3 SDs (after log transformation) were excluded (3.17 ± 3.97%). Primary analyses focused on behavioral adjustments occurring with response conflict and error commission. Flanker interference effects were calculated as [RT Incongruent trials ÀRT Congruent trials ] and (Accuracy Congruent trials ÀAccuracy Incongruent trials ), with higher scores indicating increased interference. The Gratton effect, a measure of post-conflict behavioral adjustments (Gratton et al, 1992) , was calculated as [RT Incongruent trials following congruent trials ÀRT Incongruent trials following incongruent trials ] and [Accuracy Incongruent trials following incongruent trials À Accuracy Incongruent trials following congruent trials ], with higher scores reflecting increased cognitive control. Post-error adjustments (Rabbitt, 1966; Laming, 1979) were operationalized as [RT After incorrect trials ÀRT After correct trials ] and [Accuracy After incorrect trials ÀAccuracy After correct trials ], with higher scores indicating more adaptive behavioral adjustments. Finally, following previous studies (eg, Kerns et al, 2004) , a 'post-conflict RT adjustment score' was computed. This effect examines whether participants show faster RT on incongruent trials preceded by incongruent trials (iI) relative to incongruent trials preceded by congruent trials (cI), as well as decreased RT on congruent trials preceded by congruent trials (cC) relative to congruent trials preceded by incongruent trials (iC). Postconflict RT adjustment scores were calculated as [(iCÀcC) + (cIÀiI)]. For the sake of brevity, only effects involving Group are reported for post-conflict RT adjustment scores. Overall, to disentangle adjustment effects, analyses assessing post-error adjustments were restricted to trials following incongruent trials, whereas Flanker-Gratton post-conflict adjustment effects were restricted to postcorrect trials.
Imaging data. Data were analyzed using FS-FAST and FreeSurfer (http://surfer.nmr.mgh.harvard.edu/). After slice time and motion correction, fMRI data were detrended and spatially smoothed (Gaussian filter, FWHM: 6 mm 3 ). Before group analyses, data were resampled into MNI305 space (2 mm 3 voxels).
Functional data were analyzed using a general linear model (GLM), with motion parameters included as nuisance regressors. The hemodynamic response was modeled as a g-function (2.25-s delay, 1.25-s dispersion) and convolved with stimulus/response onsets. A temporal whitening filter was used to account for autocorrelation in the noise. A random-effects model was implemented for populationbased inferences. For each participant, one mean image was generated per condition and then combined in a series of linear contrasts. Mimicking the behavioral analysis, only trials with a response were considered.
Statistical Analyses
Behavioral data. Exploratory analyses revealed no effects of demographics. As Shapiro-Wilk tests showed that the RT and accuracy data were not normally distributed, all statistical tests were conducted on log-transformed data (for ease of interpretation, non-normalized means and SDs are presented in text and figures). Separate mixed 2 Â 2 analyses of variance (ANOVAs) with Group (L 0 , S 0 ) and Condition (eg, incongruent RT, congruent RT) as factors were conducted. To examine post-conflict adjustments, Group Â Current Trial (incongruent trials vs congruent trials) Â Previous Trial (post-incongruent trials vs postcongruent trials) ANOVAs were conducted. Post hoc Newman-Keuls tests were conducted in case of significant ANOVA findings.
fMRI data. Between-group whole-brain random effects comparisons were computed for the contrasts of interest: Flanker effects (incongruent correct responses4congruent correct responses) and errors (incongruent error responses4incongruent correct responses). Given previous findings of ACC abnormalities (Pezawas et al, 2005) and increased ERN amplitudes (Althaus et al, 2009; Fallgatter et al, 2004) in S-allele carriers, primary analyses targeted cingulate regions. The left and right ACC (Brodmann areas (BAs) 24/32, and spanning into the posterior and subgenual cingulate cortex, BAs 31/23/25) were defined through an automated parcellation system (Fischl et al, 2004) , which was visually inspected for accuracy. To correct for multiple comparisons, 10 000 Monte Carlo permutations were run (AlphaSim), yielding a combination of po0.005 and 14-voxel cluster extent to achieve a corrected po0.05 within the ACC. In case of significant findings, b-weights were extracted from the cluster exceeding the statistical threshold, averaged across voxels, and entered into Group Â Condition ANOVAs. As regions surviving the permutation reflect, by design, significant Group Â Condition interactions, follow-up tests are directly reported.
Finally, secondary whole-brain analyses were performed. On the basis of permutations considering the entire brain volume, these analyses were thresholded at po0.005 with a minimum cluster extent of 79 voxels, yielding a corrected po0.05. Owing to the limited number of errors, analyses of trials after an initial mistake were not possible.
RESULTS
Behavioral Data
Flanker effects. As expected, a main effect of Condition (incongruent vs congruent) emerged for both log-transformed accuracy (F(1, 31) Post-error adjustment effects. When examining post-error accuracy, the main effect of Condition (post-error vs postcorrect trials) was not significant (F(1, 31) ¼ 0.45, p40.51), whereas the main effect of Group was trending (F(1, 31) ¼ 4.29, po0.056; partial Z 2 ¼ 0.12). Critically, the Group Â Condition interaction (F(1, 31) ¼ 4.29, po0.047; partial Z 2 ¼ 0.12) was significant (Figure 1 ). Post-conflict adjustment effects. When considering accuracy, the main effect of Condition (post-congruent incongruent trials vs post-incongruent incongruent trials) was significant (F(1, 31) ¼ 4.57, po0.041; partial Z 2 ¼ 0.13), due to increased post-incongruent (0.84±0.12) relative to post-congruent (0.81 ± 0.10) accuracy. Contrary to our hypotheses, neither the main effect of Group nor the Group Â Condition interaction were significant (F'so0.27, p's40.61).
For RT, a Group Â Condition interaction emerged (F(1, 31) ¼ 4.84, po0.035; partial Z 2 ¼ 0.14; Figure 2 ). Post hoc tests showed that this effect was due to slower postincongruent (514.50 ± 75.99) relative to post-congruent (506.38 ± 70.70 ms) RT for the S 0 group (po0.08), a pattern absent in L 0 participants (post-incongruent: 487.50± 79.89 ms vs post-congruent 494.82 ± 94.01; p40.21). However, no significant group differences emerged (p's40.28). The main effects of Condition (F(1, 31) ¼ 0.08, p40.79) and Group (F(1, 31) ¼ 0.67, p40.42) were not significant.
When considering post-conflict adjustment accuracy scores (Kerns et al, 2004) , the Group Â Current Trial (incongruent trials vs congruent trials) Â Previous Trial (post-incongruent trials vs post-congruent trials) ANOVA revealed no effects involving Group (F'so0.46, p's40.49), in line with analyses on the traditional Gratton accuracy effect. When considering adjustment RT scores, the only significant effect involving Group was the Group Â Previous Trial interaction (F(1, 31) 
fMRI Data
Flanker effect (incongruent correct responses4congruent correct responses). As hypothesized, compared with the S 0 group, L 0 participants exhibited significantly larger activation during high-vs low-conflict trials in a left dACC cluster falling into the cognitive subdivision of BA 24 (Ridderinkhof et al, 2004; Vogt et al, 1995;  Figure 3a ; Table 2a ). Follow-up tests revealed that L 0 participants showed significantly higher dACC activation during incongruent relative to congruent trials (incongruent: 0.533±0.424; congruent: 0.274±0.367; po0.016); interestingly, S 0 participants showed a reverse pattern (incongruent: 0.327 ± 0.374, congruent: 0.471 ± 0.476; po0.031). In spite of these within-group differences, the L 0 and S 0 groups did not differ in their activation for congruent (p40.21) or incongruent (p40.15) trials.
Significant group differences also emerged in a cluster within the right posterior cingulate cortex (BA 23). Compared with the L 0 group, S 0 participants showed significantly higher activation during high-vs low-conflict trials (Table 2) . However, follow-up tests indicated that genotype groups did not significantly differ in their posterior cingulate activation for congruent (p40.29) or incongruent trials (p40.32). Nevertheless, in the S 0 group, posterior cingulate activation was significantly higher for incongruent (0.540 ± 0.388) than for congruent (0.345±0.405) trials (po0.015); for L 0 participants, a trend in the opposite direction emerged (incongruent: 0.362 ± 0.569; congruent: 0.515 ± 0.503; po0.077).
Error responses (incongruent error responses4incongru-ent correct responses). As hypothesized, relative to L 0 participants, the S 0 group showed significantly increased activation after errors in a more rostral region of the ACC (at the border between the affective and cognitive subdivision of BA 24; Ridderinkhof et al, 2004; Vogt et al, 1995;  Figure 4a ; Table 2b ). Follow-up tests indicated that, relative to L 0 participants, S 0 participants displayed greater rACC activation for incorrect (po0.001), but not correct (p40.20), responses. Moreover, within-group tests showed that S 0 participants activated the rACC after incorrect rather than correct responses more strongly (0.525±0.517 vs 0.153 ± 0.207; po0.012), whereas the L 0 group exhibited the reverse pattern (incorrect: À0.217 ± 0.584; correct: 0.253±0.225; po0.013).
In addition to the rACC, a second ACC region survived the statistical threshold. This region encompassed the subgenual ACC (BA 32) and was characterized by significantly higher activation in L 0 relative to S 0 participants (Table 2b ). Follow-up analyses confirmed that groups differed for incorrect (po0.007), but not correct (p40.87) responses. Moreover, within-group analyses indicated that, in S 0 participants, errors were associated with significantly reduced subgenual activation relative to correct responses (errors: À0.604±0.680; correct response: À0.109±0.449; po0.004). In L 0 participants, a trend in the opposite direction was observed (errors: 0.356 ± 1.038; correct response: À0.085±0.350; p ¼ 0.087).
Whole-Brain Analyses
Flanker effect (incongruent correct responses4congruent correct responses). No additional significant group differences emerged. Regions characterized by significant Condition effects irrespective of genotype are summarized in Table 3a . Among other regions, increased activation to incongruent trials was seen in the left insula (x ¼ À30, y ¼ 22, z ¼ À2) and a medial region encompassing the dACC (x ¼ 4, y ¼ 26, z ¼ 35), two regions previously associated with incongruency effects in Flanker tasks (Wager et al, 2005) . However, the dACC cluster (74 voxels) missed the cluster extent (79 voxels) and should thus be interpreted cautiously.
Error responses (incongruent error responses4incongru-ent correct responses). As above, no additional group differences outside the ACC emerged (po0.005; cluster size 479 voxels). Regions with significant differences between error and correct responses are summarized in Table 3b . Briefly, relative to correct responses, errors elicited higher activation in several prefrontal and limbic regions, including the left and right insula (
DISCUSSION
The main goal of this study was to investigate putative action monitoring dysfunctions in 5-HTTLPR S-or L G -allele carriers. Relative to a group of demographically matched L (VNTR) or L A (SNP) homozygotes, S 0 participants were characterized by (1) reduced post-error and post-conflict behavioral adjustments, (2) decreased conflictrelated dACC activation, and (3) increased error-related rACC activation. It is noteworthy that these findings emerged in the absence of any discernable differences in Figure 2 Mean (and SE) reaction times in trials immediately after an incongruent vs congruent trial for the L 0 (n ¼ 14) and S 0 (n ¼ 19) participants. To disentangle error and congruency effects, only correct trials were considered. Error bars represent SE.
5-HTTLPR and Action Monitoring
AJ Holmes et al self-report of mood, and raise the possibility that dysregulated ACC functioningFspecifically rACC hyperactivity to errors and dACC hypoactivity to response conflictFmay represent mechanisms through which the 5-HTTLPR genotype confers an increased risk for MDD or emotional disorders. Echoing previous findings of increased ERN and rACC activation in response to errors in 5-HTT short carriers (Althaus et al, 2009; Fallgatter et al, 2004) and MDD subjects (Holmes and Pizzagalli, 2008b) , the S 0 group exhibited potentiated error-related rACC activation. In addition, consistent with the role of the ACC in the generation of adaptive behavioral responses (Kerns et al, 2004) , decreased conflict-related dACC activity and less adaptive post-conflict shifts in RT were observed in the S 0 group, relative to the L 0 group. These findings mirror previous results in MDD of reduced cognitive control (Paradiso et al, 1997; Siegle et al, 2004) and dACC activation during response conflict (Holmes and Pizzagalli, 2008a) . Of note, the peak fMRI voxel showing group differences in conflict monitoring was 15.8 mm from the peak voxel associated with decreased conflict-related dACC activation (c) dACC cluster reported in a previous ERP study, in which MDD subjects exhibited decreased current density relative to control participants 620 ms after the presentation of an incongruent trial in a Stroop task (peak voxel Talairach coordinates: x ¼ À10, y ¼ 25, z ¼ 33; Holmes and Pizzagalli, 2008a) . The Euclidian distance between the fMRI and ERP voxel is 15.8 mm.
5-HTTLPR and Action Monitoring AJ Holmes et al
in a MDD sample tested with a Stroop paradigm and ERP source localization techniques (Figure 3c ; Holmes and Pizzagalli, 2008a) .
In addition to dACC hypoactivation during high-conflict trials, relative to L 0 participants, S 0 participants showed relatively higher activation in the posterior cingulate cortex (BA 23) during incongruent trials. Interestingly, posterior cingulate activation has been reported during tasks involving threat-related stimuli (Maddock and Buonocore, 1997) , arousing facial expressions (Critchley et al, 2000a) , and somatic arousal (Critchley et al, 2000b) , raising the possibility that posterior cingulate hyperactivation might reflect increased autonomic/somatic arousal in S 0 participants during high-conflict trials. Alternatively, it is important to emphasize the fact that the posterior cingulate constitutes a core component of the default network, a distributed system of regions active at rest (for a review see, Buckner et al, 2008) . Accordingly, the present findings might reflect impaired de-activation in S 0 participants, in line with recent observations that reduced task-elicited deactivation of the posterior cingulate cortex is associated with subsequent error responses (Eichele et al, 2008) . As these findings were not hypothesized a priori, their interpretation should, however, be considered tentative.
The observation of reduced conflict monitoring, as well as dysregulated dACC and subgenual ACC activation in individuals with an increased genetic vulnerability to MDD is particularly intriguing, as findings in the emotion regulation literature suggest that emotion regulation and reappraisal depend on an interplay between prefrontal and ACC regions and regions implicated in emotional reactivity, including the amygdala and insula (for a review, see Phillips et al, 2008; Gross, 2005, 2008) . Accordingly, impairments in basic mechanisms implicated in cognitive control may contribute to the development of more complex emotion dysregulation observed in MDD, including amplification of the significance of failure (eg, Wenzlaff and Grozier, 1988) and difficulty in suppressing failurerelated thoughts (eg, Conway et al, 1991) , just to name few examples. This speculation is supported by evidence that individuals with more adaptive cognitive control (as assessed through ERN amplitudes and post-error behavioral adjustments) are less affected by daily life stress, a finding hypothesized to result from shared processes recruited in situations of increased cognitive conflict and regulation of negative reactions to stressful life events (Compton et al, 2008 ; see also Ochsner et al, 2009 for a recent demonstration that affective and cognitive conflict depends on a partially overlapping neural network). Future studies will be required to directly test the hypothesis that deficits in core cognitive processes (eg, action monitoring) may contribute to the generation of more complex impairments observed in MDD, including self-referential processing (Lemogne et al, 2009 ) and emotion regulation (Phillips et al, 2008) , as well as increased risk for emotional disorders.
Although groups did not differ in their overall accuracy or RTs, or in accuracy after correct responses, S 0 carriers were significantly less accurate after committing a mistake and showed significantly higher rACC activation to errors relative to L or L A homozygotes. These data are consistent with evidence of larger ERN in S-allele carriers (Althaus et al, 2009; Fallgatter et al, 2004) , particularly as ACC regions have been implicated in the generation of the ERN (eg, van Veen and Carter, 2002) . In addition, the present findings closely mirror recent ERP evidence of impaired post-error behavioral adjustments and potentiated errorrelated rACC activation in MDD patients (Figure 4c ; Holmes and Pizzagalli, 2008b) . Interestingly, the rACC peak voxel emerging from the current fMRI study was 21.4 mm away from the peak reported in our previous ERP study in MDD, a difference that is within the spatial resolution of the source localization technique used in our ERP study (Holmes and Pizzagalli, 2008b) . As heightened reactivity to performance mistakes has been associated with increased negative affect (Hajcak et al, 2004) and punishment sensitivity (Boksem et al, 2006) , the present findings suggest that, in S and L G SNP carriers, enhanced rACC response to errors and a failure to adaptively adjust behaviors after mistakes may constitute a basic cognitive mechanism associated with increased vulnerability to emotional disorders.
Consistent with previous findings in MDD (eg, George et al, 1997; Holmes and Pizzagalli, 2008a, b) , evidence of error-related rACC hyperactivity and conflict-related dACC hypoactivity in the S 0 group reveals the presence of a multifaceted dysfunction of action monitoring system in individuals at increased genetic risk for depression when challenged by life stressors (Caspi et al, 2003 ; Kendler et al, Risch et al, 2009) . Given the hypothesized role of the ACC in (1) the recruitment of prefrontal control mechanisms after errors and shifts in task difficulty (Holmes and Pizzagalli, 2008b; Kerns et al, 2004) , and (2) the downregulation of limbic system activity after the presentation of self-relevant negative stimuli (Siegle et al, 2007) , the presence of action monitoring deficits and associated ACC dysregulation in S and L G carriers may contribute to deficits in behavioral and/or emotional regulation in the context of adverse life events. Providing support for this assumption, S-allele carriers are characterized by heightened amygdala activity after the presentation of fearful/threatening facial expressions (Hariri et al, 2002 (Hariri et al, , 2005 and reduced functional coupling between the perigenual ACC and amygdala (Pezawas et al, 2005) . These findings have been hypothesized to reflect a failure of ACCdriven downregulation of activity in S-allele carriers rather than a primary abnormality in the amygdala . Along similar lines, in patients with MDD, a decreased functional relationship between the amygdala and ACC activity has been observed during periods of rest (Anand et al, 2005) and after the presentation of selfrelevant negative words (Siegle et al, 2007) . In addition, disrupted functional connectivity has been observed in MDD subjects between dorsolateral prefrontal cortex and rACC, as well as dACC regions implicated in the recruitment of cognitive control after errors and response conflict (eg, Dannlowski et al, 2009; Holmes and Pizzagalli, 2008b ; for a review, see Savitz and Drevets, 2009) .
It should be noted that there have been inconsistent findings regarding the modulatory role of the 5-HTTLPR genotype on ACC responses to other stimuli, such as emotional faces. For example, Dannlowski et al (2008) , recently reported increased responses in S-allele carriers to masked facial emotions in a region encompassing the supragenual and perigenual ACC. In contrast, Shah et al (2009) observed reduced ventral ACC activation to fearful and happy face in S-allele carriers. In light of methodological differences between these studies (eg, the use of subliminal vs supraliminal presentation; consideration of possible conjoint effects of 5-HTTLPR and rs25531), it is unclear whether these data highlight region-specific abnormalities in S-allele carriers. Accordingly, in the context of these data and the present findings, it is unlikely that a uniform relationship exists between ACC functioning and the 5-HTTLPR genotype. Given the dissociable roles of specific ACC regions (Ridderinkhof et al, 2004) , future research examining the role of genetic variants affecting 5-HT (and other neuromodulators) on putative links between disrupted functional connectivity within frontocingulate pathways and action monitoring deficits is clearly warranted.
Interestingly, robust group differences in behavioral and fMRI data emerged in the absence of observable differences in self-reported affect. The present data replicate previous findings that failed to identify relationships between the 5-HTTLPR genotype and self-reported affect/personality (eg, Ball et al, 1997; Deary et al, 1999; Flory et al, 1999; Hariri et al, 2002; Katsuragi et al, 1999) . Thus, the 5-HTTLPR genotype might affect physiological responses subserving specific cognitive processes without yielding an observable difference in self-reported measures . Overall, the present pattern of findings highlights the utility of coupling molecular genetic and neuroimaging techniques in the search for psychiatric endophenotypes.
It should be noted that, in addition to enhanced risk for MDD after stressful life events (eg, Caspi et al, 2003) , 5-HTTLPR S-allele carriers are at increased risk for other psychiatric illnesses, including PTSD (Broekman et al, 2007) , ADHD (Beitchman et al, 2003) , and alcoholism (Hu et al, 2005) , among others. Interestingly, behavioral and neuroimaging evidence of action monitoring dysfunction have been observed in these disorders (eg, Endrass et al, 2008; Falconer et al, 2008; Wiersema et al, 2009) , providing additional support for links between the 5-HTTLPR genotype and ACC functioning. Given these findings, further research will be necessary to establish whether the relationship between 5-HTT polymorphisms and action monitoring is specific to depression or rather represents a general risk factor for psychiatric illnesses with an affective component.
The limitations of this study should be acknowledged. First, our sample size was limited, which might have led to type I errors (Munafo et al, 2008) , most prominently the absence of group differences in the amygdala. Second, individual differences in action monitoring, as with other complex behavioral traits, are most likely generated through the complex interactions of various environmental factors and a multitude of genes (Brown and Hariri, 2006; Prathikanti and Weinberger, 2005) . Accordingly, although the present findings provide important insight into possible psychological and neurobiological factors linking 5-HTTLPR to increased vulnerability to psychopathology, the focus on a single candidate gene is an important limitation. Along similar lines, because of the relatively small sample size, analyses investigating the interactions among different genes were not possible. Given the hypothesized role of the mesencephalic dopamine system in the physiological correlates of action monitoring (Holroyd and Coles, 2002) , future studies should be conducted on a scale allowing for the examination of interactions between multiple genes. Third, the limited size of the stimulus and response sets in the current version of the flanker task prevented analyses disentangling the potential overlap between response-conflict and repetition/ negative priming effects (eg, Mayr et al, 2003; Ullsperger et al, 2005) , which may mask the specific contribution of conflict adaptation (Bugg, 2008) . Although the present findings are consistent with previous data (Holmes and Pizzagalli, 2008a, b) stemming from paradigms in which conflict adaptation has been observed irrespective of priming (eg, Kerns et al, 2004) , future studies using flanker tasks with larger stimulus and response sets are required to examine the unique contributions of stimulus repetition and conflict effects.
Despite these limitations, the present data suggest that action monitoring dysfunctions (and associated post-error rACC hyperactivity and post-conflict dACC hypoactivity) might constitute basic cognitive mechanisms through which 5-HTTLPR polymorphisms confer an increased vulnerability to emotional disorders, particularly when facing environmental stressors. Longitudinal studies in additional samples at increased risk for MDD (eg, unaffected offspring of depressed parents, remitted depressed samples) will be required to evaluate the predictive validity of these mechanisms vis-à-vis onset of psychopathology.
